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Effect of in-medium pi and η propagators to charge symmetry breaking interaction
Subhrajyoti Biswas1, ∗
1Department of Physics, Rishi Bankim Chandra College, Naihati - 743165, West Bengal, India
We revisit the charge symmetry breaking (CSB) in nucleon-nucleon (NN) interaction caused by
pi-η mixing in nuclear matter (NM) employing one boson exchange (OBE) model. The medium
effect on CSB is incorporated through the in-medium pi and η propagators. In addition, the medium
modification to the nucleon mass is also taken into account to construct the CSB class III potential
considering off-shell pi-η mixing amplitude and large contribution of in-medium meson propagators
to CSB potential is found for the pseudoscalar (PS) interaction compared to that of pseudovector
(PV ) interaction.
PACS numbers: 21.65.Cd, 13.75.Cs, 13.75.Gx, 21.30.Fe
I. INTRODUCTION
The charge symmetry (CS) is broken inherently by
small amount in the nucleon-nucleon (NN) interaction
[1–5]. This symmetry breaking effect is observed trivially
in the neutron-neutron (nn) and proton-proton (pp) sys-
tems through the presence of the Coulomb interaction.
However, it is difficult to separate the strong interaction
part model independently from the Coulomb interaction
[1–5].
At the fundamental level CS of the nuclear force is
broken due to the down (d) and up (u) quark mass differ-
ence i.e. md 6= mu and the electromagnetic interactions
among the quarks [1–5]. The d and u quarks mass differ-
ence along with the electromagnetic effects is responsible
for the observed mass differences between hadrons of the
same isospin multiplets. Such mass splitting causes CSB
at the hadronic level [1–5].
Many experiments have been designed to detect and
measure CSB effects in various observables [6–13]. It is
seen clearly in the small difference between the 1S0 nn
and pp scattering lengths. The latest data of scattering
experiment show that the amount of CSB is ∆aCSB =
aNpp− a
N
nn = 1.6± 0.6 fm [4, 14–16] where the superscript
N indicates the nuclear effect only.
Another convincing observation of CSB is found in the
difference of ground state binding energies between the
mirror nuclei 3He and 3H . After excluding the correc-
tions due to the static Coulomb interaction (648±4 KeV)
[17–19], electromagnetic effect (35± 3 KeV) [19, 20] and
n-p mass difference in the kinetic energy (14 ± 2 KeV)
[21], the remaining 67±9 KeV is believed to be accounted
for the CSB interaction.
Similar phenomena have been investigated for other
mirror nuclei [22–24]. The Coulomb displacement ener-
gies of mirror nuclei are found different. This is known
as the Okamoto-Nolen-Schiffer (ONS) anomaly [22–24].
Many efforts, considering electromagnetic corrections,
many-body correlations etc. have been made to explain
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this anomaly [25–28]. In addition other manifestation of
CSB interaction are the difference of n-p form factors,
correction to g − 2 etc. [29].
The well known mechanism that generates CSB
nucleon-nucleon (NN) interaction is the mixing of neu-
tral mesons with different isospins but same spin and
parity like π-η, π-η′, ρ-ω etc. mixing. Such mixing of
isospin pure resonance states is caused by the d-u quark
mass difference and electromagnetic interactions [1, 2, 5].
In a quark model calculation [30], Goldman, Henderson,
and Thomas showed that ρ-ω mixing amplitude has a
substantial momentum dependence employing free con-
stituent quark propagators and phenomenological meson-
quark-antiquark vertex form factors. A QCD sum rule
calculation [31] and other investigations [32–40] also re-
ported strong momentum dependence of ρ-ω mixing.
Using chiral perturbation theory Maltman shows sig-
nificant change of π-η mixing amplitude in going from
timelike to spacelike q2 [41]. Similar q2 dependence is
found at the leading order contribution of π-η mixing
obtained from chiral effective Lagrangian model [42–45],
calculations limited to the one loop order. In [46] the π-η
mixing matrix element is calculated from the decays of η
and η′ considering q2-independent π-η vertex.
At the hadronic level, n-p mass difference (Mn 6=Mp)
causes to mix various isospin states in vacuum [16, 27, 47–
52]. The mixing amplitudes then used to construct the
CSB two body potential. In [27] and [16] CSB potentials
have been constructed using on-shell and constant ρ-ω
mixing amplitudes. Various CSB observables have been
calculated considering either constant or on-shell mixing
amplitude and claimed successful [16, 50] for explaining
the CSB observables. Though the mixing amplitude as
shown in [30–32, 39] has strong momentum dependence.
On the basis of it the success of [16, 50] has been put into
question [38, 53].
There is another class of mixing mechanism which is
completely different in origin. The mixing of different
mesons in NM stems from the absorption and emis-
sion of intermediate mesons by neutron and proton Fermi
spheres. Such mixing takes place in matter if the ground
state contains unequal number of n and p, i.e. N 6= Z
where N and Z represent the neutron and proton num-
2bers respectively, called the asymmetric nuclear mat-
ter (ANM). The asymmetry parameter α is defined as
α = (ρn − ρp)/(ρn + ρp) where ρn and ρp correspond to
the neutron and proton densities, (and kn and kp Fermi
momenta).
In ANM the emission and absorption of different
mesons by the neutron and proton Fermi spheres are such
that their contributions do not cancel and it gives rise to a
non vanishing mixing amplitude. If N = Z i.e. symmet-
ric nuclear matter (SNM), the contributions of neutron
and proton Fermi spheres will cancel only if the ground
state respects the symmetry. Otherwise, such cancella-
tion does not take place even in SNM . Therefore, the
matter induced mixing is an additional source of CSB in
NN interaction.
The possibility of such matter induced mixing was first
investigated by Dutt-Mazumder, Dutt-Roy and Kundu
[54] in ANM in the Walecka model [55] and subsequently
in [56–60] similar investigations have been made. In [56]
matter induced mixing was studied using phenomeno-
logical parametrization to incorporate the results of all
models of meson properties in medium. Most of the
above works investigated the role of matter induced mix-
ing on dilepton spectrum, pion form factors, etc. Mori
and Saito studied the properties of CSB meson mixing in
ANM within the framework of quantum hadrodynamics
and constructed CSB potentials in spacelike region [61].
Similarly matter induced ρ-ω and π-η mixing in ANM
have been investigated in [62, 63] and also constructed
CSB two body NN potentials. In [61–63] the effect of
asymmetry and medium to the CSB potentials are incor-
porated through the in-medium mixing amplitudes. The
mixing amplitudes are calculated using in-medium nu-
cleon propagators [54] which contains the medium mod-
ified nucleon mass and density of the NM .
The main motivation of the present work is to study
the medium effect, particularly the role of the in-medium
π and η meson propagators, and effective nucleon mass
to the CSB potential. Inclusion of such in-medium me-
son propagators and medium modified nucleon mass in
the nucleon spinor of the external nucleon legs are consis-
tent for the construction of CSB potential in the nuclear
medium which, in the previous works [61–63] were not
considered. In addition, we also studied the role of ef-
fective masses of π and η mesons to the CSB potential
simply replacing their bare masses of the respective prop-
agators .
The paper is organized as follows. We calculate π and
η meson self-energies in Sec. II considering both PS and
PV interactions. These self-energies are then used to
calculate the in-medium π and η meson propagators in
sub section. II B. In Sec. III we calculate π-η mixing am-
plitudes and construct the CSB two body NN class III
potentials in Sec. IV. The Sec. V is devoted for presenting
numerical results and discussion. And finally we summa-
rize in Sec. VI.
II. pi AND η MESON SELF-ENERGIES AND
IN-MEDIUM PROPAGATORS
The meson self-energies and propagators in the
medium are essential ingredients of the present work.
To calculate the meson self-energies in medium one uses
the in-medium nucleon propagator G˜N (k) which consists
of the Dirac sea and Fermi sea contributions known as
the usual vacuum part Gv(k), and the density dependent
part Gm(k), respectively [55]:
G˜N (k) = Gv(k) +Gm(k) , (1)
where
Gv(k) =
k/+ M˜N
k2 − M˜2N + iζ
, (2a)
Gm(k) =
iπ
E˜N
(k/ + M˜N)δ(k0 − E˜N )θ(kN − |k|) . (2b)
In the above equations N represents the nucleon index
p for proton and n for neutron and k = (k0,k) denotes
the four momentum of the loop nucleon. The nucleon
energy is denoted by E˜N =
√
M˜2N + k
2, where M˜N is
the in-medium nucleon mass.
Note that the δ-function in Eq. (2b) indicates the nu-
cleons are on-shell and the θ-function, called Pauli block-
ing, ensures that the momentum of the nucleon propa-
gating in the medium must be less than the Fermi mo-
mentum kN .
In quantum hadrodynamics (QHD − I) the nucleon
is assumed to move in the mean field produced by the
neutral scalar and vector mesons [55, 64–69]. The scalar
field modifies the nucleon mass as,
M˜N =MN −
g2σ
m2σ
(ρsp + ρ
s
n) . (3)
while the vector field causes to shift the energy which we
do not consider in this work.
In the above equation mσ and gσ represent the mass
and coupling constant of the scalar meson σ, respectively.
The bare nucleon mass is denoted by,MN and ρ
s
N denotes
the scalar density:
ρsN =
M˜N
2π2
[
E˜NkN − M˜
2
N ln
(
E˜N + kN
M˜N
)]
. (4)
The in-medium nucleon mass M˜N can be determined
from Eq. (3) solving it self consistently.
A. The Meson Self-Energies
The calculations of the in-medium meson self-energies
have been restricted up to one loop order (see Fig. 1)
3which have been calculated using the formula [70]:
Π
(N)
ab (q
2)= −i
∫
d4k
(2π)4
Tr
[
Γa(q)G˜N (k)Γb(−q)G˜N (k+q)
]
,
(5)
where a (or b) denotes π or η and Γa,b(q) represent the
meson-nucleon-nucleon vertex factor. The dashed lines
in Fig. 1 represent the meson propagators and the solid
lines denote the in-medium nucleon propagators.
q q
k + q
k
Γa Γb
N
N
a b
Π
(N)
ab =
FIG. 1: The generic diagram of meson self-energy at the one
loop order.
Substituting the in-medium nucleon propagator,
GN (k) in the expression of Eq. (5) one may distin-
guish four terms with the combinations like ΓaGvΓbGv,
ΓaGvΓbGm, ΓaGmΓbGv and ΓaGmΓbGm. Out of which
first three terms have been considered in this paper for
calculating the total meson self-energy in the medium.
The fourth term contains two δ-functions which means
both the loop nucleons, in Fig. 1 are on-shell which means
that the mesons will decay into nucleon - antinucleon pair
and it happens if the meson momentum is larger than
two times the nucleon momentum, i.e. q > 2kN (also
q0 > 2E˜N). Since the present work is restricted only
for the low energy collective excitation of mesons in the
medium, the fourth term has been neglected [66].
The meson self-energy is the sum of the contributions
of p and n loops:
Πaa(q
2) = Π(p)aa (q
2) + Π(n)aa (q
2). (6)
Note that the part of the self-energy containing
the term ΓaGvΓbGv is called vacuum part while the
other part i.e. the sum of the terms ΓaGvΓbGm and
ΓaGmΓbGv is called the medium part of the self-energy.
A1. Pseudoscalar interaction
We shall first calculate the self-energies of π0 and
η mesons considering the pseudoscalar interactions de-
scribed by the Lagrangians
LPSpi0 = −igpi
[
Ψ¯pγ5Φpi0Ψp − Ψ¯nγ5Φpi0Ψn
]
, (7a)
LPSη = −igη
[
Ψ¯pγ5ΦηΨp + Ψ¯nγ5ΦηΨn
]
. (7b)
In the above Lagrangians, Ψ and φ represent the nu-
cleon spinor and meson fields, respectively. gpi (gη) is
the meson-nucleon coupling constants. The vertex fac-
tor Γa(q) = −igaγ5. The contribution of nucleon loop
(i.e. either proton or neutron loop) at one loop order to
the vacuum part of the meson self-energy can be written
from Eq. (5) as
Π
(N)
ab,v(q
2)=−i
∫
d4k
(2π)4
Tr[(−igaγ5)Gv(k)(−igbγ5)Gv(k+q)]
=4igagb
∫
d4k
(2π)4
[
M˜2N − k · (k + q)
(k2 − M˜2N)((k + q)
2 − M˜2N)
]
. (8)
The above self-energy integral is found to be quadrati-
cally divergent at the one loop order and needs to be reg-
ularized. The divergent terms can be isolated following
the method of dimensional regularization [70–72]. The
PS interaction is renormalizable by adding appropriate
counter terms to the Lagrangian [55, 73]. Renormalizable
means the self-energy integral becomes divergence free for
all orders [74]. The renormalized vacuum contribution to
the self-energy of nucleon loop has been borrowed from
Ref. [75]:
Π(N)aa,v(q
2)=
(ga
2π
)2[
3(M˜2N −M
2
N ) + (q
2 −m2a)
(
1
6
+
M2N
m2a
)
− 2M˜2N ln
(
M˜N
MN
)
+
8M2N(MN − M˜N)
2
(4M2N −m
2
a)
−
2M˜2N
√
4M˜2N − q
2
q
tan−1
 q√
4M˜2N − q
2

+
2M2N
√
4M2N −m
2
a
ma
tan−1
(
ma√
4M2N −m
2
a
)
+
(
(M2N − M˜
2
N ) +
m2a(MN − M˜N)
2
(4M2N −m
2
a)
+
M2N (q
2 −m2a)
m2a
)
×
8M2N
ma
√
4M2N −m
2
a
tan−1
(
ma√
4M2N −m
2
a
)
+
∫ 1
0
dx 3x(1− x)q2 ln
(
M˜2N − q
2x(1− x)
M2N −m
2
ax(1 − x)
)]
. (9)
The vacuum part of the meson self-energy may be written
after suitable approximation as
Πvaa(q
2) ≈ A0a +A1aq
2 , (10)
keeping terms up to orders q2/M2N and neglecting its
higher orders, where
A0a =
(ga
2π
)2[
3(M˜2p − 2M
2
p ) + 2M˜
2
p ln
(
Mp
M˜p
)
+ 3(M˜2n − 2M
2
n) + 2M˜
2
n ln
(
Mn
M˜n
)]
, (11a)
A1a = 3
( ga
2π
)2
(M2n +M
2
p )/m
2
a . (11b)
4The contribution of the medium part of the self-energy
reads
Π
(N)
ab,m(q
2)=−i
∫
d4k
(2π)4
Tr [(−igaγ5)Gv(k)(−igbγ5)Gm(k+q)
+ (−igaγ5)Gm(k)(−igbγ5)Gv(k+q)] , (12)
which after calculating the trace and performing the in-
tegration of k0, can be written as
Π
(N)
ab,m(q
2)=−2gagb
∫
d3k
(2π)3E˜N
[
4(k · q)2
q4−4(k.q)2
]
θ(kN−|k|).
(13)
The calculation is restricted to the low momentum exci-
tation as mentioned earlier. That means q2 < k2. This
allows one to write Eq. (13) as
Π
(N)
ab,m(q
2) ≈ 2gagb
∫
d3k
(2π)3E˜N
[
1+
q4
4(k.q)2
]
θ(kN−|k|),
(14)
which after integration and algebraic manipulation (see
Appendix A) reduces to
Π
(N)
ab,m(q
2)≈ 2
(ga
2π
)(gb
2π
)
×
[{
kN E˜N−
1
2
M˜2N ln
(
E˜N+kN
E˜N−kN
)}
+(q20 − 2q
2)
1
4
{
kN E˜N
M˜2N
−
1
2
ln
(
E˜N+kN
E˜N−kN
)}]
. (15)
Similar to the vacuum part one may approximate the
medium part of the self-energy.
Πaa,m(q
2) ≈ B0a +B1a(q
2
0 − 2q
2) , (16)
where
B0a= 2
(ga
2π
)2[(
kpE˜p+knE˜n
)
−
1
2
{
M˜2p ln
(
E˜p+kp
E˜p−kp
)
+M˜2n ln
(
E˜n+kn
E˜n−kn
)}]
,(17a)
B1a=
(ga
2π
)21
2
[(
kpE˜p
M˜2p
+
knE˜n
M˜2n
)
−
1
2
{
ln
(
E˜p+kp
E˜p−kp
)
+ln
(
E˜n+kn
E˜n−kn
)}]
. (17b)
The total self-energy is the sum of vacuum and medium
contributions:
Πaa(q
2) = Πaa,v(q
2) + Πaa,m(q
2) . (18)
The space like self-energy is required for construction of
the CSB potential in momentum space which is obtained
by substituting q0 = 0 in the expression of Πaa,
ΠPSaa (q
2) = (A0a +B0a)− (A1a + 2B1a)q
2 . (19)
A2. Pseudovector interaction
In this section we calculate the meson self-energies con-
sidering pseudovector meson-nucleon interactions:
LPVpi0 =−
gpi
2MN
[
Ψ¯pγ5∂/Φpi0Ψp−Ψ¯nγ5∂/Φpi0Ψn
]
, (20a)
LPVη =−
gη
2MN
[
Ψ¯pγ5∂/ΦηΨp+Ψ¯nγ5∂/ΦηΨn
]
. (20b)
Following Eq. (5), one may write the contribution of nu-
cleon loop to the vacuum part of the self-energy
Π
′(N)
ab,v (q
2) = −i
∫
d4k
(2π)4
× Tr
[(
−
ga
2MN
γ5q/
)
Gv(k)
(
gb
2MN
γ5q/
)
Gv(k+q)
]
,
= 4i
(
ga
2MN
)(
gb
2MN
)∫
d4k
(2π)4
×
[
q2(M˜2N − k · (k + q))− 2(k · q)q · (k + q)
(k2 − M˜2N)((k + q)
2 − M˜2N )
]
. (21)
The above integral is also divergent. Similar to the PS
interaction one may invoke dimensional regularization to
extract the diverging parts of this integral. After dimen-
sional regularization the integral of Eq. (21) reduces to
Π
′(N)
ab,v (q
2) =
1
2
( ga
2π
)( gb
2π
)
q2
×
(
M˜N
MN
)2[
−2−
1
ǫ
+ γE + ln(4πµ
2) + 2 ln(M˜N )
+ 2
√
4M˜2N − q
2
q
tan−1
 q√
4M˜2N − q
2
 (22)
Note that ǫ = (4 − D)/2 and µ is an arbitrary scaling
parameter. D is the dimension of integration. γE is the
Euler-Mascheroni constant. The above integral diverges
for D = 4.
The pseudovector interaction is non-renormalizable be-
cause of the derivative term. That means one can not
eliminate the divergences for all orders by adding ap-
propriate counterterms in the Lagrangian [74]. Various
renormalization methods have been discussed in [74]. It
is to be mentioned that the result depends on a particular
method [74]. Here we adopt subtraction scheme [75] to
eliminate the divergences (see Appendix B) of Eq. (22):
Π′(N)aa,v(q
2) =
( ga
2π
)2
q2
×
(
M˜N
MN
)2 
√
4M˜2N − q
2
q
tan−1
 q√
4M˜2N − q
2

+
√
4M˜2N −m
2
a
ma
tan−1
 ma√
4M˜2N −m
2
a
 . (23)
5Now one may approximate vacuum part of the self-
energy similar to the PS interaction:
Π′aa,v(q
2) ≈ A′1aq
2 , (24)
where
A′1a =
1
12
( ga
2π
)2(m2a
M2p
+
m2a
M2n
)
. (25)
The contribution of nucleon loop to the medium part
of the meson self-energy reads
Π
′(N)
ab,m(q
2)=−i
∫
d4k
(2π)4
×Tr
[(
−
ga
2MN
γ5q/
)
Gv(k)
(
gb
2MN
γ5q/
)
Gm(k+q)
+
(
−
gb
2MN
γ5q/
)
Gm(k)
(
ga
2MN
γ5q/
)
Gv(k+q)
]
, (26)
which after calculating the trace and performing the
integration of k0 similar to that of the medium part of
PS interaction, reduces to
Π
′(N)
ab,m(q
2) =−8
(
ga
2MN
)(
gb
2MN
)
M˜2Nq
4
×
∫
d3k
(2π)3E˜N
[
1
q4−4(k.q)2
]
θ(kN−|k|) .(27)
Now the Eq. (27) may be evaluated and approximated
as discussed in Appendix A:
Π
′(N)
ab,m(q
2) ≈ (q20 − 2q
2)
( ga
2π
)( gb
2π
)
×
1
2
kN E˜N
M2N
−
1
2
(
M˜N
MN
)2
ln
(
E˜N + kN
E˜N − kN
) . (28)
The medium part of the self-energy can be written as
Π′(N)aa,m(q
2) ≈ B′1a(q
2
0 − 2q
2) (29)
where,
B′1a =
( ga
2π
)2 1
2
[(
kpE˜p
M2p
+
knE˜n
M2n
)
−
1
2

(
M˜p
Mp
)2
ln
(
E˜p + kp
E˜p − kp
)
+
(
M˜n
Mn
)2
ln
(
E˜n + kn
E˜n − kn
)
 . (30)
The total space like self-energy is given by
Π′PVaa = −(A
′
1a + 2B
′
1a)q
2 . (31)
B. Meson Propagators in medium
While mesons propagate through the nuclear medium
they are scattered by the Fermi spheres and receives cor-
rections to their masses and energies. This effect may be
incorporated through the in-medium meson propagators.
Such in-medium propagator may be derived from stan-
dard covariant perturbation theory. Here we will solve
the Swinger - Dyson equation to find the in-medium me-
son propagator:
D˜a(q
2) = Da(q
2) +Da(q
2)Πaa(q
2)Da(q
2) · · ·+ · · · (32)
where Da(q
2) = (q2−m2a+ iǫ)
−1 is representing the bare
meson propagator while D˜a(q
2) is the in-medium meson
propagator which after solving Eq. (32) can be written
as
D˜a(q
2)−1 = q2 −m2a −Πaa(q
2) . (33)
= + + · · ·
D˜a(q
2) Da(q
2)
Πaa(q
2)
Da(q
2)Da(q
2)
FIG. 2: Diagrammatic presentation of Swinger - Dyson equa-
tion.
In Eq. (33) the imaginary part, iǫ has been dropped as
it is not important in the present context.
For the construction of CSB potential one needs space
like in-medium meson propagators which is obtained
from Eq. (33) by substituting q0 = 0 in this equation.
The total meson self-energies from Eq. (19) and Eq. (31)
in Eq. (33) one can write the space like meson propa-
gators D˜a(q
2) and D˜′a(q
2) in medium for PS and PV
interactions respectively,
D˜a(q
2) =
−1
(1−A1a − 2B1a)(q2 +M2a )
(34a)
D˜′a(q
2) =
−1
(1−A′1a − 2B
′
1a)(q
2 +M ′2a )
(34b)
where
M2a =
m2a +A0a +B0a
1−A1a − 2B1a
(35a)
M ′2a =
m2a
1−A′1a − 2B
′
1a
(35b)
Note that Ma ( or M
′
a) is not the effective mass of me-
son. The effective mass of meson can be obtained from
Eq. (33) by solving D˜a(q
2 = 0)−1 = 0.
III. pi-η MIXING AMPLITUDE
In this section π-η mixing amplitudes have been cal-
culated at the one loop order for both PS and PV in-
teractions. The mixing amplitude, Πab(q
2) is generated
6by the p-loop contribution, Π
(p)
ab (q
2) minus the n-loop
contribution, Π
(n)
ab (q
2) as shown in Fig. 3 where, the con-
tinuous line represents the loop nucleon and mesons by
the dashed lines.
−
p− loop n− loop
Πab =
a b a b
FIG. 3: Generic diagram for mixing amplitude.
The origin of negative sign between the p-loop and n-
loop contributions may be understood from the interac-
tion Lagrangians given in Eq. (7) or Eq. (20). Note that
π0 and η couples to proton with the same sign while they
couple to the neutron with opposite sign. This brings the
negative sign between p and n loop contributions. There-
fore the mixing amplitude,
Πab(q
2) = Π
(p)
ab (q
2)−Π
(n)
ab (q
2) . (36)
First we proceed to calculate the mixing amplitude for
PS interaction.
A. Pseudoscalar interaction
The vacuum contribution of the nucleon loop to the
π-η mixing amplitude can be obtained from Eq. (8). As
discussed before, this part contains divergent terms, one
of which is proportional to M˜N . This divergent term
may be eliminated by subtracting Π
(N)
piη,v(q2 = 0) from
Π
(N)
piη,v(q2). After this subtraction the vacuum contribu-
tion reads
Π(N)piη,v(q
2)=
(gpi
2π
)(gη
2π
)
q2
[
1
2
(
−
7
3
−
1
ǫ
+ γE − ln(4πµ
2)
)
+ln(M˜N )+
√
4M˜2N − q
2
q
tan−1
 q√
4M˜2N−q
2
 . (37)
Note that this simple subtraction, however, removes
the divergence proportional to M˜2N but can not remove
the divergence completely. There is still one divergent
term proportional to q2 as seen in Eq. (37). The sub-
traction of n-loop contribution from the p-loop contri-
bution completely removes this divergent term yielding
the vacuum part of the mixing amplitude finite. Thus
the vacuum part of the mixing amplitude can be approx-
imated as
ΠPSpiη,v(q
2) ≈ A1piηq
2 , (38)
where the constant
A1piη =
(gpi
2π
)( gη
2π
)
ln(M˜p/M˜n) . (39)
It is important to note that in case of mixing in vac-
uum, the mixing amplitude can be obtained by replacing
M˜p(or M˜n) with Mp(or Mn) in Eq. (39). The mixing
amplitude vanishes if Mp = Mn and CSB interaction in
vacuum vanishes.
The medium contribution to the mixing amplitude can
be obtained from the Eq. (15). Therefore the medium
part of the mixing amplitude may be written as
ΠPSpiη,m(q
2) ≈ B0piη +B1piη(q
2
0 − 2q
2) . (40)
The constants
B0piη=2
(gpi
2π
)( gη
2π
)[(
kpE˜p − knE˜n
)
−
1
2
{˜
M2p ln
(
E˜p+kp
E˜p−kp
)
−M˜2n ln
(
E˜n+kn
E˜n−kn
)}]
,(41a)
B1piη=
(gpi
2π
)( gη
2π
)1
2
[(
kpE˜p
M˜2p
−
knE˜n
M˜2n
)
−
1
2
{
ln
(
E˜p+kp
E˜p−kp
)
−ln
(
E˜n+kn
E˜n−kn
)}]
. (41b)
The in-medium nucleon mass M˜N and nucleon energy
E˜N depend on the Fermi momentum kN of the nucleon,
which is a function of baryon density ρB and the asym-
metry parameter α as discussed in section II. Therefore
the constants, A1piη, B0piη and B1piη depend on ρB and
α. Thus for the mixing amplitudes in this case, both the
vacuum and medium parts are driven by the asymmetry
parameter α.
To construct CSB potential in momentum space one
needs space like mixing amplitude which reads as
ΠPSpiη,v(q
2) ≈ −A1piηq
2 , (42a)
ΠPSpiη,m(q
2) ≈ B0piη − 2B1piηq
2 . (42b)
The mixing amplitude contains both the vacuum and
medium parts,
ΠPSpiη (q
2) = ΠPSpiη,v(q
2) + ΠPSpiη,m(q
2) . (43)
B. Pseudovector interaction
The vacuum contribution of π-η mixing amplitude in
case of PV interaction can be obtained from Eq. (23) fol-
lowing the method discussed in appendix B. The vac-
uum contribution of the mixing amplitude therefore reads
Π′PVpiη,v(q
2) ≈ A′1piηq
2 . (44)
Note that the value of the constant A′1piη depends on
the condition (B2). If one consider m2a = m
2
pi in Eq. (B2)
then
A′1piη=
1
12
( ga
2π
)2(m2pi
M2p
−
m2pi
M2n
)
, (45)
7and if m2a = m
2
η is chosen in Eq. (B2) then
A′1piη=
1
12
( ga
2π
)2(m2η
M2p
−
m2η
M2n
)
. (46)
The vacuum contribution to the mixing amplitudes as
obtained above also vanish in the limitMp =Mn, but un-
like to the PS interaction, independent of medium effect
because of the method adopted to remove the divergence.
The density dependent part of the mixing amplitude may
be obtained from Eq. (28):
Π′PVpiη,m(q
2) ≈ B′1piη(q
2
0 − 2q
2) , (47)
where the constant B′1piη is given by
B′1piη=
(gpi
2π
)(gη
2π
)1
2
[(
kpE˜p
M2p
−
knE˜n
M2n
)
−
1
2

(
M˜p
Mp
)2
ln
(
E˜p+kp
E˜p−kp
)
−
(
M˜n
Mn
)2
ln
(
E˜n+kn
E˜n−kn
)
 . (48)
The space like mixing amplitudes are given by
Π′PVpiη,v(q
2) ≈ −A′1piηq
2 , (49a)
Π′PVpiη,m(q
2) ≈ −2B′1piηq
2 . (49b)
IV. CHARGE SYMMETRY BREAKING
POTENTIAL
In this section we construct CSB potential employing
the one-boson exchange (OBE) model considering the in-
medium meson propagators and the in-medium spinors
for external nucleon legs as shown in the relevant Feyn-
man diagrams in Fig. 4. To construct the CSB potential
one should first calculate the nucleon-nucleon scattering
amplitude M
(NN)
piη (q2) using the Fig. 4:
M(NN)piη (q
2)=
{
U¯3(P3, s3)τ3(1)Γpi(q
2)U1(P1, s1)
}
×D˜pi(q
2)Πpiη(q
2)D˜η(q
2)
×
{
U¯4(P4, s4)Γη(−q
2)U2(P2, s2)
}
+
{
U¯3(P3, s3)Γη(q
2)U1(P1, s1)
}
×D˜η(q
2)Πpiη(q
2)D˜pi(q
2)
×
{
U¯4(P4, s4)τ3(2)Γpi(−q
2)U2(P2, s2)
}
.(50)
In the above expression Ul(Pl, sl) where l = 1, · · · , 4
represents in-medium spinors for the external nucleon
legs as represented by solid straight lines in Fig. 4, with
four momentum Pl and nucleon spin sl. The meson-
nucleon-nucleon interaction vertices are labeled by 1 and
2. The isospin operator τ3 takes care of the fact that only
the neutral pion couples with the nucleon.
Πpiη
P1
P3
P2
P4
Πpiη
P3 P4
P1 P2
+Γpi, τ3 Γη Γη τ3,Γpi
1 2 1 2
D˜pi D˜η D˜η D˜pi
FIG. 4: Diagrams contribute to CSB potential. The solid
straight lines and double dashed lines represent external nu-
cleons and the in-medium meson propagators, respectively.
The CSB amplitudes are indicated by the circles.
The potential in the momentum space is obtained from
the scattering amplitude given in Eq. (50) by substituting
q20 = 0:
V
(NN)
CSB (q
2) =M(NN)piη (0,q
2) , (51)
along with the non-relativistic form of the spinors ob-
tained by suitable expansion of the nucleon energy E˜N =√
M˜2N + p
2
l as
U(pl, sl) ≃
(
1−
P2
8M˜2N
−
q2
32M˜2N
)(
1
σ·(P+q/2)
2M˜N
)
, (52)
in terms of the average nucleon momentum defined by
P = (P1 +P3)/2 = (P2 +P4)/2 and, the three momen-
tum of meson, q = p1 − p3 = p2 − p4. Such expansion
of the nucleon energy in the spinors helps one to simplify
the spin structure of the NN potential. σ represents the
Pauli spin matrices.
Since the mixing amplitude contains both the vacuum
and medium contributions, the CSB potential also con-
tains two parts, namely a vacuum part V
(NN)
CSB,v(q
2) and
a medium part V
(NN)
CSB,m(q
2):
V
(NN)
CSB (q
2) = V
(NN)
CSB,v(q
2) + V
(NN)
CSB,m(q
2). (53)
It is important to note that mesons and nucleons are
not point like particles. They have quark structures.
One must include the form factors at each nucleon-
nucleon-meson interaction vertex while derive the poten-
tial within the framework of OBE model [53, 76]. In the
most of the calculations phenomenological form factors
either monopole type [54, 61, 77] or dipole type [50] are
used at each vertex. Such form factors are obtained from
the phenomenological fit of the two nucleon data. How-
ever, the vertex factor ought to be calculated from the
same theory that provides the propagator [53]. The form
factor also cures the problem of contact term in OBE
potential [77].
In the present calculation we use phenomenological
form factors of dipole type in space like region at each ver-
tex. At each vertex the coupling constant ga in Eq. (51)
is to be replaced as follows:
ga → ga
(
Λ2a −m
2
a
Λ2a + q
2
)
. (54)
8The cut-off parameter Λa in the OBE model separates
the short ranged effects of the nuclear force while the
long ranged parts are handeled by the meson propagators
[53, 76].
Once we have the potential in momentum space we
can easily obtain it in the coordinate space by Fourier
transformation. Thus Eq. (51) reduces to
V
(NN)
CSB (r) =
∫
d3q
(2π)3
V
(NN)
CSB (q
2)exp(−iq · r). (55)
A. Pseudoscalar interaction
Substituting the in-medium meson propagators, phe-
nomenological form factors, non-relativistic spinors, mix-
ing amplitude and keeping the terms of the order
O(q2/M˜2N) with some algebraic calculation one may
write the CSB potential in momentum space as
V
(NN)
CSB,v(q
2) = T+3 CpiηA1piη(σ1 · q)(σ1 · q)
gpigη
4M˜2N
×
[
1
M2η −M
2
pi
{
M2piδpiη
q2 +M2pi
−
M2η δηpi
q2 +M2η
}
+
1
Λ2η − Λ
2
pi
{
Λ2piδ¯piη
q2 + Λ2pi
−
Λ2η δ¯ηpi
q2 + Λ2η
}]
, (56)
and
V
(NN)
CSB,m(q
2) = T+3 Cpiη(σ1 · q)(σ1 · q)
gpigη
4M˜2N
×
[
B0piη
M2η −M
2
pi
{
δpiη
q2 +M2pi
−
δηpi
q2 +M2η
}
+
B0piη
Λ2η − Λ
2
pi
{
δ¯piη
q2 + Λ2pi
−
δ¯ηpi
q2 + Λ2η
}
+
(
B0piη
8M˜2
N
+ 2B1piη
)
M2η −M
2
pi
{
M2piδpiη
q2 +M2pi
−
M2η δηpi
q2 +M2η
}
+
(
B0piη
8M˜2
N
+ 2B1piη
)
Λ2η − Λ
2
pi
{
Λ2pi δ¯piη
q2 +M2pi
−
Λ2η δ¯ηpi
q2 +M2η
}]
. (57)
In the above equations T+3 = τ3(1) + τ3(2),
Cpiη =
1
(1−A1pi − 2B1pi)(1 −A1η − 2B1η)
, (58)
and
δab =
(
Λ2a −m
2
a
Λ2a −M
2
a
)(
Λ2b −m
2
b
Λ2b −M
2
a
)
, (59a)
δ¯ab =
(
Λ2a −m
2
a
Λ2a −M
2
a
)(
Λ2b −m
2
b
Λ2a −M
2
b
)
. (59b)
One may easily obtain the coordinate space potential
by Fourier transform of the momentum space potential
once constructed. Thus from Eq. (56) and Eq. (57), the
vacuum and medium parts of the potentials in coordinate
space, respectively are as follows:
V
(NN)
CSB,v(r)=−T
+
3 CpiηA1piη
gpigη
48πM˜2N
×
[
M5pi δpiη U(xpi)−M
5
η δηpi U(xη)
M2η −M
2
pi
+
Λ5pi δ¯piη U(Xpi)− Λ
5
η δ¯ηpi U(Xη)
Λ2η − Λ
2
pi
]
, (60)
and
V
(NN)
CSB,m(r) = −T
+
3 Cpiη
gpigη
48πM˜2N
×
[
B0piη
{
M3pi δpiη U(xpi)−M
3
η δηpi U(xη)
M2η −M
2
pi
+
Λ3pi δ¯piη U(Xpi)− Λ
3
η δ¯ηpi U(Xη)
Λ2η − Λ
2
pi
}
+
(
B0piη
8M˜2N
+ 2B1piη
){
M5pi δpiη U(xpi)−M
5
η δηpi U(xη)
M2η −M
2
pi
+
Λ5pi δ¯piη U(Xpi)− Λ
5
η δ¯ηpi U(Xη)
Λ2η − Λ
2
pi
}]
. (61)
Note that xa =Mar and Xa = Λar. We denote
U(x) =
[
(σ1 · σ2)+S12(rˆ)
(
1+
3
x
+
3
x2
)]
e
x
−x
, (62)
S12(rˆ) = 3(σ1 · rˆ)(σ2 · rˆ)− (σ1 · σ2) . (63)
B. Pseudovector interaction
Similar to the pseudoscalar interaction, the CSB po-
tential in momentum space for vacuum and medium part
in pseudovector interaction can be written as
V
(NN)
CSB,v(q
2) = T+3 C
′
piηA
′
1piη(σ1 · q)(σ1 · q)
gpigη
4M˜2N
×
[
1
M ′2η −M
′2
pi
{
M ′2pi δ
′
piη
q2 +M ′2pi
−
M ′2η δ
′
ηpi
q2 +M ′2η
}
+
1
Λ2η − Λ
2
pi
{
Λ2piδ¯
′
piη
q2 + Λ2pi
−
Λ2η δ¯
′
ηpi
q2 + Λ2η
}]
, (64)
and
V
(NN)
CSB,m(q
2) = T+3 C
′
piη(2B
′
1piη)(σ1 · q)(σ1 · q)
gpigη
4M˜2N
×
[
1
M ′2η −M
′2
pi
{
M2piδ
′
piη
q2 +M ′2pi
−
M ′2η δ
′
ηpi
q2 +M ′2η
}
+
1
Λ2η − Λ
2
pi
{
Λ2piδ¯
′
piη
q2 + Λ2pi
−
Λ2η δ¯
′
ηpi
q2 + Λ2η
}]
. (65)
9where,
C′piη =
1
(1−A′1pi − 2B
′
1pi)(1 −A
′
1η − 2B
′
1η)
, (66)
Note that δ′ab and δ¯
′
ab can be obtained from Eq. (59) by
replacingMa → M
′
a andMb → M
′
b . The Fourier trans-
formation of Eq. (64) and Eq. (65) give us the potentials
in coordinate space.
V
(NN)
CSB,v(r) = −T
+
3 C
′
piηA
′
1piη
gpigη
48πM˜2N
×[
M ′5pi δ
′
piη U(x
′
pi)−M
′5
η δ
′
ηpi U(x
′
η)
M ′2η −M
′2
pi
+
Λ5pi δ¯
′
piη U(Xpi)− Λ
5
η δ¯
′
ηpi U(Xη)
Λ2η − Λ
2
pi
]
,(67)
and
V
(NN)
CSB,m(r) = −T
+
3 C
′
piη(2B
′
1piη)
gpigη
48πM˜2N
×[
M ′5pi δ
′
piη U(x
′
pi)−M
′5
η δ
′
ηpi U(x
′
η)
M ′2η −M
′2
pi
+
Λ5pi δ¯
′
piη U(Xpi)− Λ
5
η δ¯
′
ηpi U(Xη)
Λ2η − Λ
2
pi
]
,(68)
where, x′a =M
′
ar.
V. RESULT AND DISCUSSION
In this section we discuss our numerical results. To
generate numerical data following meson parameters [78]
listed in table have been used. The nucleon mass in
nuclear medium is estimated by solving Eq. (3) self-
consistently. We borrowed the values of coupling con-
stant (gσ) and mass (mσ) of the scalar meson σ from
Ref. [55] to calculate the effective nucleon mass (M˜N) in
nuclear matter.
TABLE I: Meson parameters.
Mesons ma (MeV)
g2a
4pi
Λa (MeV)
pi 138.6 14.6 1300
η 548.0 5.0 1500
All the Figures in this section represent the difference
of CSB potentials between nn and pp systems in the
coordinate space in 1S0 state. We denote ∆V = V
(nn)
CSB −
V
(pp)
CSB where, V
(NN)
CSB = V
(NN)
CSB,v + V
(NN)
CSB,m. We consider
the nuclear matter density ρ0 (0.148 fm
−3).
At first we present the vacuum contribution, ∆Vv and
medium contribution, ∆Vm for PS interaction in Fig. 5
and the same for PV interaction in Fig. 6, respectively.
These figures show the variation of vacuum and medium
parts with distance r at density ρB = 1.2ρ0 and asymme-
try α = 0.2. The vacuum contribution is found to domi-
nate over the medium contribution below r ∼ 0.25 fm for
PS interaction while for PV interaction the same effect is
observed below r ∼ 0.5 fm. In addition, the medium con-
tribution of PS interaction is found ∼ 103 times larger
than that of PV interaction below r ∼ 0.5 fm, however
the vacuum contributions for both cases are comparable.
 
r (fm)
FIG. 5: The variation of ∆Vv and ∆Vm with r for PS interac-
tion considering the in-medium pi and η meson propagators.
3  
r (fm)
FIG. 6: The variation of ∆Vv and ∆Vm with r for PV inter-
action considering the in-medium pi and η meson propagators.
Figures 7 and 8 show the difference of CSB potentials
i.e. ∆V for PS and PV interactions at different densities
but the same asymmetry α = 0.2. The dotted, solid and
dashed curves represent ∆V at densities ρB = ρ0, 1.2ρ0
and 1.4ρ0 respectively.
It is observed that below r ∼ 0.5 fm, ∆V for PS in-
teraction is ∼ 103 times larger than that of PV interac-
tion as shown in Fig. 8 and Fig. 7. The origin of such
large value possibly arises from the in-medium meson
propagators. For PS interaction Cpiη is found ∼ 10
−5
times of C′piη for PV interaction. And this causes large
10
r (fm)
2
FIG. 7: The plot shows variation of ∆V with r at different
densities for PS interaction considering the in-medium pi and
η meson propagators.
contribution of CSB for PS interaction compared to
PV interaction. It is also evident from the Fig. 8 and
Fig. 7 that higher the density higher is the ∆V below
r ∼ 0.25fm (0.5fm) for PS (PV ) interaction.
3  
r (fm)
FIG. 8: The plot shows variation of ∆V with r at different
densities for PV interaction considering the in-medium pi and
η meson propagators.
In Fig. 9 we show the variation of ∆V with r both for
PS and PV interactions considering the effective masses
of π and η mesons instead of in-medium propagators.
To study the role of effective mass of meson we simply
replaced the bare masses with their effective masses to
the meson propagators. It is clear from Fig. 9 that such
replacement of bare mass with in-medium mass of meson
makes ∆V comparable for both PS and PV interactions.
At r ∼ 0.2 fm, ∆V s are found to be equal for both the
cases and ∆V is positive between r ∼ 0.25− 0.75 fm for
PS interaction.
r (fm)
2
FIG. 9: The variation of ∆V with r at α = 0.2 and ρB = 1.2ρ0
for PS (dashed curve) and PV (dotted curve) interactions
is shown. The effective pi and η meson masses are used to
generate this graph, instead of propagators.
VI. SUMMARY
In the present work we have revisited CSB due to π-η
mixing in nuclear matter employing the OBE model and
constructed the two-body CSB potential which is class
III type. The in-medium nucleon propagator is used to
calculate the meson self-energies and π-η mixing ampli-
tude and both calculations are restricted to the one loop
order. We used these meson self-energies to obtain the
in-medium meson propagators by solving the Swinger-
Dyson equation. The bare propagators in the CSB po-
tential in momentum space is replaced by the in-medium
π and η propagators.
Furthermore, we also used the mixing amplitude in
space like region to construct the two-body CSB poten-
tial instead of constant or on-shell mixing amplitude and
the effect of external nucleon legs is also taken into ac-
count.
We noticed that the difference of CSB nn and pp po-
tentials, ∆V for PV interaction is insignificant compared
to that for PS interaction while the effective masses of
π and η instead of their in-medium propagators shows
comparable contributions for both the cases.
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Appendix A
Integrating over the azimuthal angle φ Eq. (14) reads
Π
(N)
ab,m(q
2) ≈ 2
( ga
2π
)( gb
2π
)∫ kN
0
k2dk√
M˜2N + k
2
×
∫ +1
−1
dx
[
1 +
q4
4(k.q)2
]
= 2
( ga
2π
)( ga
2π
)
(I1 + I2) , (A1)
where x = cos θ,
I1 = 2
∫ kN
0
k2dk√
M˜2N + k
2
= kN E˜N −
1
2
M˜2N ln
(
E˜N + kN
E˜N − kN
)
, (A2)
and
I2=
q4
4
∫ kN
0
k2dk√
M˜2N + k
2
∫ +1
−1
dx
(q0E˜N − |k||q|x)2
=
q4
4
∫ kN
0
k2dk√
M˜2N + k
2
[
2
(q0E˜N )2 − (|k||q|)2
]
=
q4
4q20
∫ kN
0
k2dk√
M˜2N + k
2
[
2
M˜2N + zk
2
]
≈
q4
4q20M˜
2
N
∫ kN
0
k2dk√
M˜2N + k
2
[
2−
2z
M˜2N
k2
]
, (A3)
where, z = 1−q2/q20 . Note that z < 1 and zk
2 << M˜2N .
Thus we neglected the term proportional to z in Eq. (A3).
I2≈
q4
4q20M˜
2
N
I1 . (A4)
The terms proportional to q2/q40 have been neglected as
q2/q40 << 1 and q
4/q20 is approximated to (q
2
0 − 2q
2).
Thus, Eq. (A4) can be written as
I2≈(q
2
0−2q
2)
1
4
[
kN E˜N
M˜2N
−
1
2
ln
(
E˜N+kN
E˜N−kN
)]
. (A5)
Substituting I1 and I2 in Eq. (A1) we obtain the contri-
bution of nucleon loop to medium part Eq. (15).
Appendix B
To remove the diverging part from Eq. (22) we use
simple subtraction method [75]. Let us denote
Π(N)v (q
2)=
(
M˜N
MN
)2[
−2−
1
ǫ
+ γE + ln(4πµ
2) + 2 ln(M˜N )
+ 2
√
4M˜2N − q
2
q
tan−1
 q√
4M˜2N − q
2
 , (B1)
and
Π˜(N)v (q
2) = Π(N)v (q
2)−Π(N)v (q
2 = m2a). (B2)
This will remove the divergence yielding the finite vac-
uum part of the self-energy:
Π′(N)aa,v(q
2) =
( ga
2π
)2
Π˜(N)v (q
2) q2. (B3)
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